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The 19-kDa capsid protein (CP) of Soil-borne wheat mosaic furovirus (SBWMV) is encoded in the 59-terminal region of
RNA2. In addition to CP, two CP-related proteins are translated from SBWMV RNA2: (1) a 24-kDa protein (N-CP) with an
N-terminal 40-amino-acid extension initiated at an upstream in-frame CUG codon; and (2) an 83-kDa protein (CP-RT) with an
about 580-amino-acid, C-terminal extension by partial translational readthrough at the UGA termination codon at the end of
the CP gene. We examined requirements for N-CP and CP-RT on virion formation and systemic infection in wheat plants using
full-length cDNA clones, from which infectious RNA can be transcribed in vitro. RNA2 mutants, which could not synthesize
N-CP, CP-RT, or either infected wheat plants systemically in combination with the wild-type RNA1 transcripts, produced
rod-shaped virus particles in uninoculated upper leaves. Original mutations which abolished translation of N-CP and CP-RT
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INTRODUCTION
Soil-borne wheat mosaic virus (SBWMV) is the type
species of the genus Furovirus (Mayo, 1999). Members in
the genus Furovirus have bipartite positive-stranded
RNA genome separately encapsidated in rigid rod-
shaped particles, and are transmitted by zoospores of a
soil-inhabiting plasmodiophoraceous microorganism,
Polymyxa graminis L., and retained in a thick-walled
resting spore for years in soil (Brakke et al., 1965; Estes
and Brakke, 1966). SBWMV occurs in Japan, the United
States, China, France, Italy, and Brazil (Brakke and Lan-
genberg, 1988). SBWMV strains from different areas of
the world have been shown to be genetically diverse,
despite having identical biological properties (Shirako
and Wilson, 1993; Diao et al., 1999a,b; Shirako et al.,
000).
SBWMV RNA1 (;7.1 kb) codes for two N-terminally
verlapping putative replicase proteins in the 59-terminal
egion and a putative cell-to-cell movement protein in the
9-terminal region (Shirako and Wilson, 1993).
SBWMV RNA2 (;3.6 kb) codes for the 19-kDa capsid
rotein (CP) in the 59-terminal region. The UGA termina-
ion codon of the CP gene can be read through at 10–20%i
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66per leaves by nucleotide sequence analysis. These results
P are required for virion formation and systemic infection
fficiency, and an 83-kDa protein including the down-
tream 64-kDa region is translated in vitro and in planta.
he readthrough region is hypothesized to be required
or transmission of the virus by the vector fungus, since
t undergoes frequent deletion mutations when the wild-
ype virus is passaged in wheat plants by mechanical
noculation for prolonged periods (Shirako and Brakke,
984b; Hsu and Brakke, 1985; Shirako and Ehara, 1986a).
he CP-readthrough region of Beet necrotic yellow vein
enyvirus (BNYVV), which is transmitted in soil by P.
etae Keskin, has been shown to be required both for
ungus transmission (Tamada and Kusume, 1991;
amada et al., 1996) and for virion formation (Schmitt et
l., 1992). The readthrough protein region was detected
nly at one end of rod-shaped virions by immunogold
lectron microscopy (Haeberle et al., 1994). Similarly, the
P-readthrough region of Potato mop-top pomovirus
PMTV) has been shown to be required for transmission
y Spongospora subterranea in soil (Reavy et al., 1998)
nd was detected at only one end of the rod-shaped
irions (Cowan et al., 1997).
There is another 24-kDa CP-related protein (formerly
amed 25-kDa protein) (Shirako, 1998) translated from
NA2 in vitro and in infected plants (Hsu and Brakke,
985; Shirako and Ehara, 1986), which is translationallynitiated at a CUG codon 120 nucleotides upstream of the
UG initiation codon for the CP gene. No functions are
nown for this protein but conservation of the amino acid
equences of this protein among SBWMV strains
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pAa3.(Shirako, 1998), Chinese wheat mosaic virus (Diao et al.,
1999b), European wheat mosaic virus (Diao et al., 1999a),
and soil-borne rye mosaic virus (Koenig et al., 1999;
oenig and Huth, 2000), implies that it may be advanta-
eous for virus persistence in nature.
Here, we report construction of full-length cDNA
lones of RNA1 and RNA2 of a Japanese strain of SB-
MV (JT), pJS1 and pJS2, respectively, from which infec-
ious RNA can be transcribed in vitro by SP6 RNA poly-
erase. Using pJS1 and various pJS2 mutants, we ana-
yzed roles of the two CP-related proteins in virion
ormation and systemic infection in wheat plants.
This is the first report on construction of “infectious”
DNA clones to the Furovirus genome.
T
Primers Used for Constructing Full-Length cDN
Name Sequence
TP60 GCTAGCAGAGACTAG
TP61 TCGACTAGTCTCTGCTAGCAGCT
TP28a TCTACTAGTGGGCCGGATAACCCTCCGGTTCAG
P26b AGAGCTAGCATTTAGGTGACACTATAGTATTACA
TP2 TAGCAGTCCGCATAACA
TP37 AATGTATGACACATGCA
TP25c TCTACTAGTGGGCCGGATAACCCTCCGG
P27d AGAGCTAGCATTTAGGTGACACTATAGTATTATTA
FIG. 1. Strategies for constructing full-length cDNA clones to SBW
methyltransferase domain; Hel, helicase domain; Pol, polymerase dom
domains indicates a leaky opal termination codon. Middle: pLA3. The en
at the 59 terminus indicates the SP6 promoter. Bottom: pJS1. Regions in
filled regions were from pLA3. (B) RNA2. Top: Genome organization
cysteine-rich protein. A black diamond between CP and RT domains in
derived from RT-PCR using TP25 and TP27. A rightward triangle at the 5
area was derived from ds cDNA. The 59-terminal filled area was from
SBWMV CAPSID-FUa Boldface letters, an SpeI site; italicized letters, 34 nucleotides complemen
b Boldface letters, an NheI site; underlined letters, SP6 promoter; italicized
c Boldface letters, an SpeI site; italicized letters, 20 nucleotides complemen
d Boldface letters, an NheI site; underlined letters, SP6 promoter; italicizedRESULTS
onstruction of full-length cDNA clones to RNA1 and
NA2
In the original full-length cDNA clones, pLA3 to RNA 1
Fig. 1A) and pAa3 to RNA2 (Fig. 1B), the entire inserts
ere derived from RT-PCR using the pair of primers TP28
nd TP26 (Table 1) and TP25 and TP27 (Table 1), respec-
ively. To eliminate possible mutations generated during
CR amplification, the internal 6.6-kb AvaI–HindIII frag-
ent in pLA3 and the 39-terminal 3.1-kb XbaI–SpeI frag-
ent in pAa3 were replaced with double-stranded cDNA,
etails of which are described under Materials and
ethods. The resultant full-length cDNA constructs to
es to SBWMV RNA1 and RNA2, pJS1 and pJS2
Purpose
pProNS cloning sites
pProNS cloning sites
GATT cDNA synthesis of RNA1 39 region
TCTTT RT-PCR of RNA1 59 region w/SP6 promoter
RNA1 positions 4364–4380 for cDNA synthesis
RNA1 positions 6768–6784 for cDNA synthesis
cDNA synthesis of RNA2 39 region
ATTAC RT-PCR of RNA2 59 region w/SP6 promoter
NA1 and RNA2. (A) RNA1. Top: Genome organization of RNA1. MT,
, cell-to-cell movement protein. A black diamond between Hel and Pol
ert was derived from RT-PCR using TP26 and TP28. A rightward triangle
with shaded bars were derived from ds cDNA. The 59- and 39-terminal
2. CP, capsid protein; RT, readthrough region; Cys-rich, the 19-kDa
s a leaky opal termination codon. Middle: pAa3. The entire insert was
nus indicates the SP6 promoter. Bottom: pJS2. The 39-terminal shaded
67ROTEIN MUTANTSM
ABLE 1
A Clon
GGGGG
AAAAC
TCACMV R
ain; MP
tire ins
dicated
SION Ptary to the 39-terminal region of RNA1.
letters, 59-terminal 18 nucleotides of RNA1.
tary to the 39-terminal region of RNA2.
letters, 59-terminal 18 nucleotides of RNA2.
c
1
a
n
w
ANDRNA1 and RNA2 were designated as pJS1 (Fig. 1A) and
pJS2 (Fig. 1B), respectively.
The entire nucleotide sequences of the cDNA inserts
of pJS1 and pJS2 were determined. Compared with nu-
cleotide sequences determined from random-primed
cDNA clones (Shirako et al., 2000), pJS1 cDNA insert
ontained two nucleotide differences, one at position
337 from C to T (random-primed cDNA 3 pJS1) and
nother at position 4492 from G to A, both of which did
ot cause amino acid changes, and one A insertion
ithin an A stretch at positions 6988–6993 in the 39-
terminal untranslated region, resulting in the total size of
RNA1 with 7226 nucleotides. Plasmid pJS2 cDNA insert
contained only one nucleotide difference at position 2574
from A to G, resulting in an amino acid substitution from
Arg to Gly at the 25 position from the C terminus of the
readthrough protein.
Infectivity assay of in vitro transcripts from pJS1 and
pJS2
Inoculation of Chenopodium quinoa leaves with a mix-
ture of in vitro transcripts from pJS1 and pJS2 resulted in
formation of numerous chlorotic local lesions as early as
3 days postinoculation (Fig. 2A), similar to those formed
by the wild-type virus (not shown). By Western blot anal-
ysis, a band migrating at the same rate as the SBWMV
CP (Fig. 2B, lane 1) was detected specifically in homog-
enates from local lesions (Fig. 2B, lane 3) but not from
mock-inoculated leaf tissue (Fig. 2B, lane 2). Inoculations
of leaves with in vitro transcripts from pJS1 or those from
pJS2 as well as a mixture of pJS1 and pJS2 template
DNAs did not result in formation of any local lesions.
When a mixture of in vitro transcripts from pJS1 and
pJS2 was inoculated into leaves of wheat plants (Triticum
aestivum L. cv Fukuho), mild green mosaic symptoms
developed in upper, uninoculated leaves within 4 weeks.
By Western blot analysis, SBWMV CP as well as the
24-kDa protein and 83-kDa protein were detected from
uninoculated upper leaves (Fig. 2B, lane 5). Typical rod-
shaped particles were observed in extracts of the upper
leaf tissue by electron microscopy (Fig. 2C). Virus yields
from systemically infected wheat leaves after transcript-
inoculation were around 10 mg virus per 100 g leaf
tissues, similar to those found in plants mechanically
inoculated with homogenates of wheat leaves systemi-
cally infected with the original, field-derived virus. These
results indicate that the in vitro transcripts from pJS1 and
pJS2 are infectious and result in formation of the wild-
type virus.
In vitro translation of in vitro transcripts from pJS2
and its mutant constructs
68 YAMAMIYATo examine the role(s) of N-CP and CP-RT in virus
infectivity, five pJS2-derivative mutant constructs were
produced by PCR-based in vitro mutagenesis using mu-tagenic primers (Table 2) and convenient restriction sites
(Figs. 3A and 3B). In vitro transcripts from pJS2, pJS2.CP-
RT, pJS2.N-CP, pJS2.CP, pJS2.N-CPDRT, and pJS2.CPDRT
were translated in vitro in rabbit reticulocyte lysates. The
pJS2 wild-type transcripts directed synthesis of three
distinct products, from the smallest, the 19-kDa CP, the
24-kDa N-CP, and the 83-kDa CP-RT, as judged by their
migration rates in the 12.5% gel (Fig. 4, lane 1). Major
translation products from in vitro transcripts from
pJS2.CP-RT, pJS2.N-CP, and pJS2.CP were CP and CP-RT
but not N-CP (Fig. 4, lane 2), CP and N-CP but not CP-RT
(Fig. 4, lane 3), and CP only (Fig. 4, lane 4), respectively.
Translation products from pJS2, pJS2.CP-RT, pJS2.N-CP,
and pJS2.CP also contained three minor products be-
tween the positions of N-CP and CP-RT, which are prob-
ably translated from internal AUG codons downstream of
the UGA termination codon of the CP gene. Translation
products from pJS2.N-CP and pJS2.CP also contained a
minor product which comigrated with CP-RT, the origin of
which is unknown since readthrough of two stop codons
is unlikely. On the other hand, translation products from
pJS2.N-CPDRT and pJS2.CP-DRT were CP and N-CP, and
CP only, respectively. A minor band which migrated
slightly faster than N-CP likely is translated from endog-
enous RNA in the rabbit reticulocyte lysates since this
band was also detected in the mock-translated products
(Fig. 4, lane 7).
Biological activity of in vitro transcripts from mutant
pJS2 constructs
In vitro transcripts from pJS2-derivative constructs (Fig.
3B) were individually mixed with those from pJS1 and
inoculated onto C. quinoa and wheat plants. Leaves
inoculated with transcripts from pJS2.CP, pJS2.N-CPDRT,
and pJS2.CPDRT developed local lesions in 2 days,
whereas those inoculated with transcripts from pJS2
(wild type), pJS2.N-CP, and pJS2.CP-RT formed local le-
sions in 3 days. Otherwise, there were no significant
differences in infectivity on C. quinoa as judged by num-
bers and types of local lesions formed. Approximately 10
mg of in vitro transcripts of pJS1 and pJS2 gave rise to
totals of around 200 chlorotic spots on four leaves.
Wheat plants inoculated with mutant transcripts also
developed systemic infection. Leaves inoculated with
transcripts from pJS2 (wild type), pJS2.N-CP, and
pJS2.CP-RT developed mild green mosaic (Fig. 5A, panel
a), whereas those inoculated with transcripts from
pJS2.CP, pJS2.N-CPDRT, and pJS2.CPDRT developed se-
vere yellow mosaic (Fig. 5A, panel b). Western blot anal-
ysis of CP from uninoculated upper leaves showed that
expected CP-related proteins were also produced, de-
SHIRAKOpending on the mutant constructs (data not shown). CP,
N-CP, and CP-RT were detected in plants inoculated with
the wild-type transcripts; CP and CP-RT but not N-CP
were detected from plants inoculated with transcripts
eaf hom
d CP-R
.5. A sa
aves.from pJS2.CP-RT; CP and N-CP but not CP-RT were de-
tected from plants inoculated with transcripts from
pJS2.N-CP as well as from pJS2.N-CPDRT; and only CP
but neither N-CP nor CP-RT was detected from plants
FIG. 2. Infectivity assay of in vitro transcripts from pJS1 and pJS2. (A)
in vitro transcripts from pJS1 and pJS2, 10 days after inoculation. (B) D
Lane 1, purified SBWMV; lane 2, healthy C. quinoa leaf homogenate; la
a mixture of pJS1 and pJS2 in vitro transcripts; lane 4, healthy wheat l
a mixture of pJS1 and pJS2 in vitro transcripts. Positions of CP, N-CP, an
of SBWMV particles negatively stained in 2% phosphotungstate, pH 7
inoculated with in vitro transcripts from pJS1 and pJS2 on the lower le
SBWMV CAPSID-FUinoculated with transcripts from either pJS2.CP or
pJS2.CPDRT.
Figure 5B shows progeny virus RNA extracted from
purified virus preparations from systemically infectedwheat plants inoculated with in vitro transcripts. Each
progeny virus contained RNA2, which migrated at the
same rates as those in the inocula. Yields of virus RNA
from purified virus preparations were indistinguishable
tic local lesions formed on C. quinoa leaf inoculated with a mixture of
n of the SBWMV CP from leaf homogenates by Western blot analysis.
omogenate of local lesions formed on C. quinoa leaf inoculated with
ogenate; lane 5, homogenate of upper wheat leaves inoculated with
T are indicated by arrows in the right margin. (C) Electron micrograph
p was prepared from an upper, uninoculated wheat leaf from plants
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To examine possible occurrences of reversion muta-
tions, virus was purified from upper uninoculated leaves
of systemically infected wheat plants and RNA was ex-
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7tracted for RT-PCR amplification of sequences containing
the mutagenized sites. In all cases, the original muta-
tions were retained in the recovered virus RNA.
Since the capsid readthrough region has been shown
to be required for virion morphogenesis in BNYVV
(Schmitt et al., 1992), which is distantly phylogenetically
elated to SBWMV but has a similar genome organization
nd manner of transmission through the soil in nature
Shirako and Wilson, 1999), virions were examined from
ninoculated upper leaves of wheat plants by electron
icroscopy (Fig. 5C, JS2.CPDRT). Rod-shaped particles
ere observed in extracts of uninoculated upper leaves
f wheat plants inoculated with mixtures of in vitro tran-
cripts from pJS1 and each of the five pJS2-derivative
utants. Virion morphologies were indistinguishable
mong different mutants and the wild-type virus.
DISCUSSION
Our results clearly showed that neither N-terminal nor
-terminal extensions to the capsid proteins of SBWMV
re required for virion formation or systemic invasion of
heat plants. These results raise a few questions in light
f previous reports on BNYVV and PMTV, both of which
re similar to SBWMV in rod-shaped virion morphology
nd in the manner of their transmission by plasmodio-
horaceous fungi in soil in nature (Shirako and Wilson,
999).
The readthrough region of BNYVV is required for virion
T
Primers Used for Constr
Name Sequencea
TP49b GTCTGGTTAACTTATCCTGCGAGCCGAAATGCC
TP50c TTGGCATTTCGGCTCGCAGGATAAGTTAACCAG
TP51d TTCCCGAGACGCCGTCCTATCAACTTGTACCTT
TP52e GGGAAGGTACAAGTTGATAGGACGGCGTCTCG
TP53 f AAAGTTACCGCTATCAACTTGTACCTTCCC
TP54g AAGTTGATAGCGGTAACTTTGAGTCACCGC
TP9 TAGCACTATCACTGAGC
TP10 GGTCAGACAGATCAGAC
TP29 TGGCGATAGTCTGCATA
TP40 ACTGCTCTGACGAACAT
a Mutagenized codons are underlined.
b Positions 194–228. A 3 T substitution at position 211 is indicated
c Positions 194–228. T 3 A substitution at position 211 is indicated
d Positions 844–879. CG 3 TA substitutions at positions 861–862 ar
e Positions 844–879. CG 3 TA substitutions at positions 861–862 ar
f Italicized letters indicate positions 2504–2513. Nonitalic letters in
ndicated with boldface letters.
g Italicized letters indicate positions 2504–2524. Nonitalic letters in
ndicated with boldface letters.
0 YAMAMIYAormation because deletion in the CP-readthrough region
revented virion assembly in planta (Schmitt et al., 1992),
lthough mechanisms for interaction between the
eadthrough region and viral RNA are not clear. Since the
7
N
t
cntigens of the readthrough regions of BNYVV and PMTV
re located only at one end of the rod-shaped particles
Haeberle et al., 1994; Cowan et al., 1997), it is postulated
hat the CP-readthrough region is required for the initial
ormation of a nucleation complex (Haeberle et al., 1994).
n the case of SBWMV, it is not yet known whether the
P-readthrough region is also present at the end of the
od-shaped particles of wild-type virus. It is clear, how-
ver, that the readthrough protein-coding region is not
equired to nucleate virion formation.
We have shown that the CP-readthrough region is not
equired for virus replication and systemic infection in
heat plants. However, all stable spontaneous deletion
utants of RNA2 isolated so far do not lose the entire
eadthrough region but always retain some part of it,
sually by an internal in-frame deletion in the short C-
erminal region (Chen et al., 1994, 1995; Shirako, 1998;
amamiya and Shirako, unpublished). Besides its poten-
ial role in fungus transmission, the role(s) of the
eadthrough region of SBWMV remain to be determined.
The reasons for production of N-CP in infected cells
Hsu and Brakke, 1985; Shirako and Ehara, 1986) and its
onservation among viruses in the genus Furovirus
Shirako et al., 2000) are still unknown. Without expres-
ion of N-CP, the mutant virus replicated as efficiently as
he wild-type virus and systemically infected wheat
lants. Previous analysis with a stable deletion mutant of
U.S. strain of SBWMV, the Lab1 isolate, showed that
pJS2-Derivative Mutants
Purpose Sense
Construction of pJS2.CP-RT Minus
Construction of pJS2.CP-RT Plus
Construction of pJS2.N-CP Minus
Construction of pJS2.N-CP Plus
Construction of pJS2.N-CPDRT Minus
Construction of pJS2.N-CPDRT Plus
Positions 2993–3009 for cDNA Minus
Positions 714–730 for RT-PCR Plus
Positions 593–609 for cDNA Minus
Positions 1509–1525 for cDNA Minus
boldface letter.
boldface letter.
ated with boldface letters.
ated with boldface letters.
positions 844–863. CG 3 TA substitutions at positions 861–862 are
positions 844–863. CG 3 TA substitutions at positions 861–862 are
SHIRAKOABLE 2
ucting
AA
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GGAA
with a
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AND0% of the mutant RNA population do not produce the
-terminally extended protein. These results indicate
hat N-CP does not have a significant role in virus repli-
ation and spread in wheat plants when inoculated me-
mSION Pchanically but may facilitate or function in fungus trans-
mission in conjunction with the readthrough region.
Competition analysis by mixed inoculation of the wild-
type virus and mutants lacking the N-CP may answer
whether N-CP has any positive role in virus replication
and systemic infection in wheat plants.
Variations in symptom severities on wheat plants
caused by different RNA2 mutants are not simply attrib-
uted to deletions in the readthrough region as reported
before (Shirako and Brakke, 1984b; Chen et al., 1994)
FIG. 3. pJS2-derivative mutant constructs which cannot produce
N-CP, CP-RT, or either. (A) Positions of restriction endonuclease sites
and primers used for making mutant constructs. (B) The wild-type pJS2
and five mutant pJS2 constructs. pJS2.CP-RT, the CTG initiation codon
for N-CP was replaced with CAG; pJS2.N-CP, another TAG termination
codon was added in the place of the wild-type Arg codon (CGG)
adjacent to the TGA termination codon for CP; pJS2.CP, mutations in
pJS2.CP-RT and pJS2.N-CP were combined; pJS2.N-CPDRT, the wild-
type Arg codon adjacent to the TGA termination codon for CP was
replaced with a TAG termination codon and nucleotide positions 864–
2503 were deleted; pJS2.CPDRT, mutations in pJS2.CP-RT and pJS2.N-
CPDRT were combined.
SBWMV CAPSID-FUsince transcripts from pJS2.CP, which does not have any
nucleotide deletions in the readthrough region, resulted
in more severe yellow mosaic leaves than those which
have deletions of most of the readthrough region. Further
l
w
r
ianalysis is required for identifying determinant(s) for SB-
WMV virulence on wheat plants using the infectious
cDNA clones produced in this work.
MATERIALS AND METHODS
Virus and RNA
A Japanese strain of SBWMV (JT) isolated in 1982 in
Tochigi, Japan (Shirako and Ehara, 1986a), was propa-
gated in wheat plants (T. aestivum L. cv Fukuho) by
mechanical inoculation (Rao and Brakke, 1970) and pu-
rified as described previously (Shirako and Ehara,
1986a). From a virus suspension, RNA was extracted by
an SDS–phenol method, precipitated in ethanol, and sus-
pended in water. RNA1 and RNA2 were further separated
and purified from 10 to 40% sucrose density gradients
prepared in 0.1 M NaCl, 50 mM Tris–HCl, pH 8.4, and 1
mM EDTA run at 38,000 rpm for 5 h at 14°C in a Beckman
SW41 rotor, precipitated from ethanol, and suspended in
water as described (Shirako and Brakke, 1984a).
Plasmid vector and bacterial cell
A 1.8-kb plasmid vector which was used in pToto1101,
the full-length cDNA clone of Sindbis virus (Rice et al.,
1987), originally derived from pBR322 by removing the
tetracycline-resistant gene, was used as a cloning vector
for constructing full-length cDNA clones to both SBWMV
RNA1 and RNA2. Since both NheI and SpeI sites were
absent in the RNA1 and RNA2 genome, a short double-
stranded DNA fragment containing NheI and SpeI sites
was prepared by annealing two deoxyoligonucleotides,
TP60 and TP61 (Table 1), which was ligated into the
1.8-kb vector in the place of the entire 11.7-kb Sindbis
virus full-length cDNA after digestion of pToto1101 with
SacI and XhoI. The resulting plasmid vector was desig-
nated as pPro.NS, which contains NheI and SpeI sites,
although SacI and XhoI sites were not regenerated.
Escherichia coli strain MC1061 was used as the plasmid
transformation host. Recombinant plasmid DNA was iso-
FIG. 4. In vitro transcription/translation analysis of pJS2-derivative
utant constructs. Lane 1, pJS2; lane 2, pJS2.CP-RT; lane 3, pJS2.N-CP;
71ROTEIN MUTANTSane 4, pJS2.CP; lane 5, pJS2.N-CPDRT; lane 6, pJS2.CPDRT; lane 7,
ater was added instead of in vitro transcripts to the translation
eaction mix. Positions of CP, N-CP, and CP-RT are indicated by arrows
n the right margin.
f
i
H
T
H
c
m
p
C
S
(
w
l inocula
t om pJS
p scripts
vitro trlated from transformed E. coli cells by a modified boiling
method (Holmes and Quigley, 1981). The nucleotide se-
quence was determined using dyeterminator cycle se-
quencing kits from Perkin Elmer (Applied Biosystems/
Perkin Elmer, Foster City, CA) or Amersham Pharmacia
Biotech (Piscataway, NJ) with a Perkin–Elmer 377 auto-
mated DNA sequencer.
Construction of a full-length cDNA clone of RNA1
A 7.2-kb full-length cDNA was synthesized to purified
RNA1 using TP28 (Table 1), which contains an SpeI
recognition sequence and a sequence complementary
to the 39-terminal 34-nucleotide sequence of RNA1 with
AMV reverse transcriptase (Wako Chemicals). cDNA was
amplified by PCR with TP26 (Table 1) and TP28 using Taq
DNA polymerase (Type LA, TaKaRa); TP26 has an NheI
recognition sequence, the SP6 promoter sequence, and
the 59-terminal 18-nucleotide sequence of RNA1. The
resultant 7.2-kb PCR product was digested with NheI and
FIG. 5. (A) Symptoms of systemically infected wheat leaves (cv. Fuku
b) pJS1 and pJS2.CP. (B) Progeny viral RNA extracted from purified vi
ild-type or mutants. RNA was run in a 0.8% agarose gel and stained w
ane 2, inoculated with transcripts from pJS1 and pJS2.CP-RT; lane 3,
ranscripts from pJS1 and pJS2.CP; lane 5, inoculated with transcripts fr
JS2.CPDRT; lane 7, in vitro transcripts from pJS1; lane 8, in vitro tran
micrograph of progeny virions from wheat leaf tissues inoculated with in
72 YAMAMIYASpeI and ligated into the NheI/SpeI-digested pPro.NS
vector, followed by transformation of E. coli cells. A clone
containing a 7.2-kb insert between the NheI and SpeI
sites, pLA3, was selected after a restriction endonucle-
u
s
t
vase analysis of miniprep DNA. The 6.6-kb AvaI–HindIII
fragment was replaced sequentially utilizing an internal
SalI site (position 3254) with double-stranded (ds) cDNA
prepared by the method of Gubler and Hoffman (1983) as
follows: to replace the 3.1-kb AvaI–SalI region, cDNA was
synthesized using TP2 (Table 1) and ds cDNA was di-
gested with AvaI and SalI. The resulting 3.1-kb DNA
ragment was exchanged with the AvaI–SalI fragment
n pLA3 to make pLA3.AS. To replace the 3.5-kb SalI–
indIII region in pLA3.AS, cDNA was synthesized using
P37 (Table 1) and ds cDNA was digested with SalI and
indIII. The resulting 3.5-kb DNA fragment was ex-
hanged with the SalI–HindIII fragment in pLA3.AS to
ake a full-length cDNA clone to RNA1, designated as
JS1 (Fig. 1A).
onstruction of pJS2, a full-length cDNA clone of
BWMV RNA2
A 3.6-kb full-length cDNA was synthesized to RNA2
ulated with a mixture of in vitro transcripts from (a) pJS1 and pJS2 and
pensions prepared from systemically infected wheat leaves with the
idium bromide. Lane 1, inoculated with transcripts from pJS1 and pJS2;
ted with transcripts from pJS1 and pJS2.N-CP; lane 4, inoculated with
1 and pJS2.N-CPDRT; lane 6, inoculated with transcripts from pJS1 and
from pJS2; lane 9, in vitro transcripts from pJS2.CPDRT. (C) Electron
anscripts from pJS1 and pJS2.CPDRT, stained in 2% phosphotungstate.
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equence and a sequence complementary to the 39-
erminal 20-nucleotide sequence of RNA2 with AMV re-
erse transcriptase. cDNA was amplified by PCR with
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SION PTP25 and TP27 (Table 1) using Taq DNA polymerase
(Type Ex, TaKaRa); TP27 has an NheI recognition se-
quence, the SP6 promoter sequence, and the 59-terminal
18-nucleotide sequence of RNA2. The resultant 3.6-kb
PCR product was digested with NheI and SpeI, followed
by ligation into the NheI/SpeI-digested pPro.NS vector. E.
coli strain cells were transformed with the ligation prod-
ucts. A clone containing a 3.6-kb insert between the NheI
nd SpeI sites, pAa3, was selected after a restriction
ndonuclease analysis. The 3.1-kb XbaI–SpeI fragment in
Aa3 was replaced with double-stranded cDNA using
P25 for the first-strand cDNA synthesis. The resultant
ull-length cDNA clone to RNA2 was designated as pJS2
Fig. 1B).
CR-based site-directed mutagenesis of pJS2
The following five mutant constructs were generated
rom pJS2 to abolish translation of the 24-kDa N-CP
rotein, the 83-kDa CP-RT protein, or both (Fig. 2).
1. pJS2.CP-RT. The T residue at position 211 was sub-
tituted with A to change the CTG initiation codon for the
4-kDa N-CP protein to CAG using a pair of mutagenic
rimers, TP49 and TP50 (Table 2), by PCR. Briefly, the
9-terminal 0.2-kb region was amplified with TP49 and
P17 (a vector primer annealing at 59–75 nucleotides
pstream from the NheI site as shown in Fig. 1) by PCR
sing Taq DNA polymerase (Type Ex, TaKaRa) with pJS2
inearized with SpeI as a template DNA. The 0.2-kb
roduct was run in a 0.8% low-melting-point agarose gel
nd purified by a CTAB method (Langridge et al., 1980) or
using a spin column (Qiagen, Chatsworth, CA) from a gel
slice. Similarly, a 0.4-kb region spanning positions 194–
609 was amplified with TP50 and TP29 (Table 2) and
purified. The two PCR products were mixed and the
59-terminal 0.6-kb region was amplified by PCR using
TP17 and TP29. The 0.6-kb product was digested with
NheI and XbaI and the resulting 0.5-kb fragment was
cloned into a 4.9-kb NheI/XbaI-digested pJS2 vector to
make pJS2.CP-RT. The nucleotide sequence between the
NheI and XbaI sites was determined to confirm that there
s a T3 A substitution at position 211, but otherwise the
ucleotide sequence is identical to that of pJS2.
2. pJS2.N-CP. The CCG triplet at positions 861–863
as substituted with TAG to add another termination
odon immediately adjacent to the TGA termination
odon for the CP gene at positions 858–860. TP10 and
P40 (Table 2) together with mutagenic primers TP51
nd TP52 (Table 2) were used for preparing an 0.8-kb
NA fragment containing the desired mutations by PCR
s done for pJS2.CP-RT. The 0.8-kb DNA was digested
ith SacI and SalI and a resultant 0.4-kb fragment was
SBWMV CAPSID-FUcloned into a 5.0-kb SacI/SalI-digested pJS2 vector. The
nucleotide sequence between the SacI and SalI sites
was confirmed to be identical to that of pJS2, except for
the CCG 3 TGA substitutions at positions 861–863.3. pJS2.CP. In this construct, the mutation at position
211 in pJS2.CP-RT was combined with those at positions
861–863 in pJS2.N-CP. pJS2.N-CP was digested with SacI
and SalI and the 0.4-kb SacI–SalI fragment was cloned
into a 5.0-kb SacI/SalI-digested pJS2.CP-RT vector.
4. pJS2.N-CPDRT. The CCG triplet at positions 861–
863 was substituted with TAG and positions 864–2503,
which span nearly the entire readthrough region of the
CP-RT protein, were deleted. TP9 and TP10 (Table 2)
together with two mutagenic primers TP53 and TP54
(Table 2) were used for generating the deleted DNA
fragment by PCR. The 0.7-kb PCR product was digested
with SacI and XhoI and the resulting 0.4-kb fragment was
cloned into SacI/XhoI-digested pJS2. The nucleotide se-
quence between the SalI and XhoI sites was determined
and the desired nucleotide substitutions and deletions
from positions 861 to 2503 were confirmed.
5. pJS2.CPDRT. In this construct, the mutation at po-
sition 211 from T 3 A was combined with the substitu-
tions and deletions spanning the positions 861–2503.
pJS2.CP-RT was digested with NheI and XbaI and the
resultant 0.5-kb fragment was cloned into the 3.3-kb
NheI/XbaI-digested pJS2.N-CPDRT vector.
In vitro transcription
pJS1, pJS2, and pJS2 derivatives were linearized with
SpeI immediately downstream of the 39 terminus of the
genome, purified by repeated phenol and chloroform
extractions and ethanol precipitation, and used as tem-
plate DNAs for in vitro transcription. A 10-ml sample of in
vitro transcription reaction mixture contained 40 mM of
Tris–HCl (pH 7.6), 6 mM of MgCl2, 4 mM of spermidine, 1
mM of each ATP, CTP, UTP, and GTP, 5 mM of dithiothre-
itol, 0.5 mM of the cap analog (New England Biolabs,
Beverly, MA), 2.0 units/ml of RNase inhibitor (Promega,
Madison, WI), and 2.5 units/ml of SP6 RNA polymerase
(TaKaRa). After adding approximately 0.1 mg of template
DNA, the mixture was incubated at 37°C for 1 h. After the
reaction, 1 ml of the product was run in a 0.8% agarose
el to check the quantity and integrity of the transcripts.
pproximately 2 mg of in vitro transcripts were produced
n 10 ml reaction mixture from 0.1 mg of DNA template.
In vitro translation analysis of pJS2 mutant transcripts
In vitro transcripts were diluted to 1/5 in water. A 1-ml
liquot of diluted transcripts was mixed with 8 ml of
rabbit reticulocyte lysates (nuclease-treated; Promega)
and 1 ml of [35S]methionine (1000 Ci/mmol; Amersham
Pharmacia Biotech, Piscataway, NJ), followed by incuba-
tion at 30°C for 1 h. The translation mixture was com-
73ROTEIN MUTANTSbined with an equal volume of 23 sample buffer con-
taining 10% 2-mercaptoethanol and heated at 95°C for 3
min. Five microliters of the sample was run in a 12.5%
SDS–PAGE gel. Radioactive bands were visualized by
p
m
S
r
(
a
p
m
S
E
w
c
g
d
c
g
p
e
ANDfluorography using sodium salicylate (Chamberlain,
1979).
Infectivity assay of in vitro transcripts
Approximately 5 mg each of in vitro transcripts from
JS1 and pJS2 or their derivatives were suspended in 1
l of 50 mM glycine and 50 mM K2HPO4, pH 9.2, and
mechanically inoculated onto wheat leaves (T. aestivum
L cv. Fukuho, 10 days old) or C. quinoa leaves (2 months
old) using Celite as an abrasive. Inoculated plants were
grown at 17°C in a growth cabinet.
Western blot analysis
A 0.5-g sample of wheat or C. quinoa leaf tissue was
homogenized in 0.4 ml of 10 mM Tris–HCl, pH 7.5, and 1
mM EDTA containing 10 mM 2-mercaptoethanol in a
mortar and pestle on ice. The sap was mixed with the
same volume of 23 sample buffer containing 10% 2-mer-
captoethanol and heated at 95°C for 3 min, followed by
centrifugation in a microfuge at 13,000 rpm for 3 min. A
10-ml sample of the supernatant was run in a 12.5%
DS–PAGE gel, followed by Western blot analysis using
abbit polyclonal antibodies against purified SBWMV
Shirako and Ehara, 1986a) as the primary antibodies
nd anti-rabbit goat IgG conjugated with alkaline phos-
hatase (KPL) as the secondary antibody with the
ethod described previously (Shirako and Ehara, 1986b;
uzuki et al., 1990).
lectron microscopy
C. quinoa leaf tissue showing chlorotic local lesions or
heat leaf tissues showing mosaic symptoms was
hopped in phosphate buffer with a razor blade on a
lass plate. The sap was placed on a grid with a collo-
ion film pretreated with the 1/1000-diluted rabbit poly-
lonal antibodies against SBWMV virions for 30 min. The
rid was washed with droplets of water, treated with 2%
hosphotungstic acid, pH 7.5, and examined with an
lectron microscope (JEOL, Model 1010).
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